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Summary 
We a r e   s t u d y i n g   t w o   t y p e s   o f   o p t i c a l l y  pumped 

g l a s s   c e l l s   w h i c h  do n o t   c o n t a i n  a b u f f e r  gas  and 
have no w a l l   c o a t i n g   i n   w h i c h   b e a m - l i k e   p r o p e r t i e s  
a re   exp lo i t ed .  The f i r s t   d e v i c e   i s  a sealed  g lass 
tube   o f   abou t  1 cm diameter  and 20 cm leng th .  A 
sinal 1 amount o f  87Rb metal i s   l o c a l i z e d   a t  one  end 
by  temperature  gradients   which  a lso  cont ro l   the 
vapor  pressure. The c e l l  has t h e   p r o p e r t i e s   o f  a 
broad  atomic beam f o r   t h e   t r a n s p o r t   o f   o p t i c a l l y  
pumped atoms from one  end t o   t h e   o t h e r  with c o l -  
l i m a t i o n   g i v e n   b y   t h e   a s p e c t   r a t i o   o f   t h e   t u b e .  
A t  each  end  the Rb "beam" i s  crossed  by a l ase r .  
I n  each i n t e r a c t i o n   r e g i o n ,   t h e   l a s e r   o p t i c a l l y  
pumps atoms i n t o  one o f   t h e  5 2 S  h y p e r f i n e   l e v e l  s ,  
as  we l l  as detects   populat ion  kanges  between  the 
h y p e r f i n e   l e v e l s .   I n  a second  device,   graphi te 
i n s e r t s   a r e   i n c l u d e d  i n  the  g lass  tube.  The 
g r a p h i t e   s t r o n g l y   g e t t e r s  Rb, the reby   p rov id ing  
c o l l i m a t i o n  and s i g n i f i c a n t l y   r e d u c i n g   s c a t t e r i n g  
o f   l a s e r   l i g h t   f r o m  background Rb atoms. A TE 
m i c r o w a v e   c a v i t y   i s   p o s i t i o n e d  between  the w 
l a s e r   i n t e r a c t i o n   r e g i o n s .  

I n   t h e   b r o a d  beam device we have  observed  the 
t r a n s p o r t   o f   o p t i c a l l y  pumped atoms  between t h e  
ends w i t h  a S/N r a t i o   o f  300:l i n  1 S .  A tunable 
dye   laser  was used f o r   t h e  pumping  and  signal 
d e t e c t i o n .   I n   t h e   c o l l i m a t e d  beam device,  we have 
obsewed  microwave  t rans i t ions  us ing a d iode   l ase r  
f o r  pumping  and  f luorescence  detection. 

Key words.  Atomic  Frequency  Standard;  Laser 
Frequency  Standard;  Optical Pumping; Rubidium 
Beam; Rubidium  Cell;  Rubidium  Frequency  Standard. 

I n t r o d u c t i o n  

Portable  atomic  rubidium  standards  are i n  

widespread  use  because o f   t h e i r   r e l a t i v e l y   l o w  

cos t ,   good   sho r t   t e rm  s tab i l i t y ,   l ow   power   re -  

quirements,  and  physical  package  (small  size, 

l i g h t  weight). However, p r e s e n t l y   a v a i l a b l e  

d e v i c e s   a r e   l i m i t e d   i n   t h e i r   l o n g   t e r m   a c c u r a c y  

and reproduc ib i l i t y   by   two  la rge   sys temat ics :  

l i g h t   s h i f t s  and b u f f e r  gas p r e s s u r e   s h i f t s .  We 

a r e   i n   t h e   p r e l i m i n a r y   s t a g e s   o f   i n v e s t i g a t i n g   t w o  

d i f f e r e n t   p h y s i c a l  packages f o r  Rb ( o r  CS) which 

show promise o f  s i g n i f i c a n t   r e d u c t i o n  i n  these 

o f f s e t s ,   w h i l e   s t i l l   m a i n t a i n i n g   t h e   a d v a n t a g e s   o f  

a small   atomic  standard. The i n i t i a l  goal i s  a 

dev ice wi th  t o  10-l' accuracy  and  rapid 

t u r n - o n   c a p a b i l i t y  compared t o   a v a i l a b l e   s t a n d a r d s .  

The two  packages  are  described  separately 

b e l o w   a n d   t h e i r   p o t e n t i a l   f o r   p o r t a b l e   s t a n d a r d s  

are  d iscussed.  Br ief ly,   these  devices  have  the 

advantages f o r  accuracy  and  long-term s t a b i l i t y   o f  

an  atomic beam: no wa l l   coa t i ngs ,  no b u f f e r  

gases ,   and   an   op t i ca l   i n te rac t i on   reg ion   wh ich   i s  

separate  from  the  microwave  region. These general 

f e a t u r e s   a r e   i l l u s t r a t e d   i n   f i g .  1. However, they 

d i f f e r   s i g n i f i c a n t l y   f r o m  commercial   portable beam 

standards i n   t h e i r   s i m p l i c i t y   o f   c o n s t r u c t i o n  and 

use o f   o p t i c a l  pumping t o   e l i m i n a t e   s t a t e   s e l e c t i o n  

magnets. For   p rac t ica l   imp lementa t ion ,   bo th  

schemes do depend  on t h e   a v a i l a b i l i t y   o f   r e l i a b l e  

d iode   l ase rs .  So f a r ,  we have  performed a l l  

exper iments  using Rb, though some advantages o f  CS 

a r e   p o i n t e d   o u t   b e l  ow. 

87Rb  Beam/Cell 

General   Descr ipt ion.   Fig.  2a i l l u s t r a t e s  a simple 

g lass   beadce l l '   wh ich  we have  invest igated.  The 

a tomic   source   cons is ts   o f  87Rb l o c a l i z e d   a t  one 

end  by  temperature  gradients  and  heated t o  40-50 

OC. The a tomic   vapor   dens i ty   a t   th is   tempera ture  

presents  about one o p t i c a l   a b s o r p t i o n   l e n g t h   t o  

t h e   i n t e r s e c t i n g   l a s e r  beams which  are  tuned  to  

t h e  5 *S4 F=2 -t 5 2P,/, F=1,2,3 Doppler  broadened 

D2 resonance  (see f i g .  3). A t  t h i s   o p e r a t i n g  

temperature  and  pressure,  the mean f r e e   p a t h   f o r  

ground-state  spin-exchange  col l is ions  remains much 

g rea te r   t han   t he   ce l l   d imens ions ,  so t h a t  Rb 

atom-atom co l l i s i ons   a re   un impor tan t .  Thus, 

a t t e n u a t i o n   o f   t h e   l a s e r   l i g h t  and no t   the   a tomic  
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mean f ree   pa th   leng th   de termines   the   h ighes t  

useful   temperature i n  t h e   b e a d c e l l .  

I f  it i s  assumed t h a t  a w a l l   c o l l i s i o n   e f -  

f e c t i v e l y   d e s t r o y s  any dif ference  between  ground- 

s t a t e   p o p u l a t i o n s ,  we  may t h e n   t h i n k   o f   t h i s  

dev ice as producing a broad,   large  source  area 

atomic beam f o r   t h e   t r a n s p o r t   o f   o p t i c a l l y  pumped 

atoms from one o p t i c a l   r e g i o n   t o   t h e   o t h e r .  The 

beam's e f f e c t i v e   c o l l i m a t i o n   i s   g i v e n   a p p r o x i m a t e l y  

by   t he   aspec t   ra t i o ,   a / r ,   o f   t he   t ube ,  where a i s  

the   tube  rad ius ,  and r i s   t h e   s e p a r a t i o n  between 

o p t i c a l   r e g i o n s .  

It should  be  noted  that  i f  a s i n g l e   l a s e r   i s  

used f o r   b o t h   i n t e r a c t i o n   r e g i o n s  and s i g n i f i c a n t  

n e t  mass t r a n s p o r t  o f  Rb does no t   t ake   p lace   f rom 

one  end o f   t h e   t u b e   t o   t h e   o t h e r ,   t h e n   t h e   d e v i c e  

i s   a l s o   i n h e r e n t l y   s y m m e t r i c a l :  each o p t i c a l  

i n t e r a c t i o n   r e g i o n  may be cons ide red   t o   be   bo th  a 

pump and a d e t e c t i o n   r e g i o n .   I n   t h i s  case, we 

have  dual  opposed  atomic beams which may be  used 

t o  cance l   ou t   phase   sh i f t s   assoc ia ted   w i th   t he  

m i c r o w a v e   c a v i t y .   F o r   c l a r i t y   i n   t h e   d i s c u s s i o n  

wh ich   fo l lows,  however,  one l a s e r  will be r e f e r r e d  

t o  as a pump and t h e   o t h e r  as a de tec to r .  

W i t h   r e f e r e n c e   t o   f i g .  2b, we  now consider  i n  

d e t a i l   t h e   t r a n s p o r t   o f  pumped atoms  between t h e  

o p t i c a l   i n t e r a c t i o n   r e g i o n s   i n   t e r m s   o f   a t o m i c  

d e n s i t i e s .  I f  t h e   l a s e r  beam i s  expanded to cover 

t h e   e n t i r e   c r o s s   s e c t i o n   o f   t h e   c e l l ,  it will 

i n t e r a c t   w i t h   t h e  atoms i n  a d isc -shaped  reg ion   o f  

r a d i u s  a. Then from  s imple  geometr ical   consid- 

e ra t ions , '   the   dens i ty   o f  atoms a t  r w h i c h   o r i g i -  

nated i n   t h e   d i s c  and  have n o t   s u f f e r e d  a w a l l  

c o l l i s i o n   i s   g i v e n  by 

where n = background  atomic  density.  For  our 

exper imenta l   s i tua t ion ,  a = 0.5 cm, r = 8 cm, and 

po(r) = 10-317. 

I n   g e n e r a l ,   n o t   a l l   o f   t h e  atoms c o n t r i b u t i n g  

t o   p o ( r )  will b e   o p t i c a l l y  pumped i f  t h e   l a s e r  

s p e c t r a l   w i d t h  Avva i s  nar rower   than  the   t ransverse  

beam Doppler   width AV;. I n   t h i s  case, Aub - AuD 

(2a/r) - 75 MHz, where bug i s  t h e   f u l l   D o p p l e r  

w i d t h   o f  - 600 MHz. I n   a d d i t i o n ,   t h e  number o f  

atoms pumped from a h y p e r f i n e   l e v e l  depends  upon 

t h e  number o f  magnetic  substates i n   t h a t   m a n i f o l d .  

Th i s  may be  expressed i n  te rms   o f  a we igh t i ng  

f a c t o r ,  gF,  where g1 = 3/8 f o r  F = 1 and gZ = 5/8 

f o r  F = 2 o f  87Rb. Thus, f o r  Aua Aui ,   the  den- 

s i t y   o f  atoms a t  r which  were pumped i n t o  a s i n g l e  

h y p e r f i n e   m a n i f o l d   a t   t h e   o r i g i n a t i n g   d i s c  i s  

We have assumed t h a t   t h e   p r o d u c t  o f  l a s e r  

i n t e n s i t y  and o p t i c a l   i n t e r a c t i o n   t i m e   i s   s u f -  

f i c i e n t   t o  pump a l l  atoms absorb ing   w i th in  Aug. 
I f  Au2 L Au;, t h e   l i n e w i d t h   f a c t o r  becomes u n i t y  

f o r  an appropr ia te ly   tuned pump l a s e r .  

The dens i ty   o f   background  absorbers   pB  i s  

s imp ly   de te rm ined   by   t he   ra t i o   o f  Aw2 t o   t h e  f u l l  

Doppler   width AuD ( f o r  Au2 < AuD) t imes  the 

w e i g h t i n g   f a c t o r  gF o f   t h e   g r o u n d   s t a t e   l e v e l  

i nvo l ved  i n  t h e   o p t i c a l   t r a n s i t i o n :  

The r a t i o  p /p i s   t hus   i ndependen t   o f  hug: 
P B  

We n e x t   c o n s i d e r   t h e   e f f e c t   o f   s a t u r a t i n g   t h e  

m ic rowave   c lock   t rans i t i on  (MF = 0 + MF = 0) i n  

t h e   r e g i o n  between  the t w o  l ase rs .  F o r  b o t h   l a s e r  

beams a t   t h e  same f requency ,   t h i s  will increase 

t h e   a b s o r p t i o n   i n   t h e   d e t e c t i o n   r e g i o n   b y   i n -  

c r e a s i n g   t h e   d e n s i t y   o f  atoms i n  one o f   t h e  FMF = 0 

s ta tes .   For  87Rb t h e  change i n   d e n s i t y   w h i c h  

c o n t r i b u t e s   t o   t h i s   a b s o r p t i o n   i s   g i v e n   b y  
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where we have made the   approx imat ion   tha t   the  

pumped atoms a r e   d i s t r i b u t e d   e q u a l l y  among t h e  

rece iv ing   hyper f ine   magnet ic   sub leve ls .   (For  

example, i f  we  pump o u t   o f  F=,?, then gF = and 

the   F= l   popu la t ions   a re   inc reased. )  

The r a t i o   o f   s i g n a l   d e n s i t y   t o  background 

d e n s i t y   i s   t h e n   g i v e n   b y  

Under our  exper imental   condi t ions,   ps/pg - 
2 X 10-3. 

Signal .   For a s imp le   l i nea r   abso rp t i on  model  (ne- 

g l e c t i n g   s a t u r a t i o n   e f f e c t s ) ,   t h e   t r a n s m i t t e d  

l i g h t   i n t e n s i t y  will be 

where U i s  t h e   o p t i c a l   a b s o r p t i o n   c r o s s   s e c t i o n  

and 2 i s   t h e   p a t h   l e n g t h   t h r o u g h   t h e   v a p o r .  

M ic rowave  modu la t ion   w i th   phase  sens i t i ve   de tec t ion  

o f   t h e   a b s o r p t i o n   s i g n a l   t h e n   r e s u l t s   i n  a s igna l  

-0PBl 
IpSD i I o e  psuQ 

where we have  chosen PBu2 = 1 (one op t i ca l   dep th ) ,  

and  the same exper imenta l   condi t ions as  used  above 

are  invoked. The approximate  expressions  obtained 

above  a re   va l id  f o r  l a s e r  powers  below  saturation, 

but   they  must   be  modi f ied i f  Io approaches  the 

s a t u r a t i o n   i n t e n s i t y s .  

F(oise. Below, we i d e n t i f y   s e v e r a l   s o u r c e s   o f  

no i se  and b r i e f l y   d i s c u s s  some aspects  of   absorp- 

t i o n  and   f l uo rescence   de tec t i on   w i th   rega rd   t o  

these  noise  terms. 

(1 )   Lase r   i n tens i t y   no i se .   Fo r   t he   i n tens i t y  

(and  f requency)   s tab i l ized dye l a s e r  used i n  these 

e x p e r i m e n t s ,   f r a c t i o n a l   i n t e n s i t y   f l u c t u a t i o n s  

have  been  reduced t o   l e s s   t h a n  5 x 1 0 - 7 / f i  beyond 

500 Hz. For  the  d iode  lasers  which we have  used, 

f r a c t i o n a l   i n t e n s i t y   n o i s e  on a s i n g l e  mode ( these 

" s i n g l e  mode" d iodes   genera l l y   exh ib i t   mu l t imode 

opera t i on ,   w i th  one s t r o n g  mode and a few weak 

a u x i l i a r y  modes) ranged  from lO-'/m t o   l e s s   t h a n  

10-6/fiz. The photon   sho t   no ise   fo r   laser   powers  

i n  t h e   r a n g e   o f   t o   w a t t s   a t  780 nm i s  

0.5 t o  1 .5  x lO-'/m. These  power l e v e l s   a r e  

t y p i c a l   i n   t h e s e   e x p e r i m e n t s .  

(2) Laser  frequency  noise. The Doppler 

broadened  absorpt ion  prof i le   conver ts   f requency 

no ise   to   ampl i tude  no ise .   Near   l ine   cen ter ,  

f requency   to   ampl i tude  no ise   convers ion   i s  r e -  

duced. To a good approximation, we can  represent 

the   Dopp le r   b roadened   abso rp t i on   p ro f i l e   i n  

Gaussian  form, 

where IN (t) is   t he   i ns tan taneous   l ase r   f requency  

( i n  angu la r   un i t s ) ,  W- i s   t h e   l i n e   c e n t e r ,  and 

L 

v 

AuJo = - 
Jan2 

n AV,,. I f  we w r i t e  

w p  = WO + E 1  + E 2 ( t )  

where i s  a f i x e d   f r e q u e n c y   o f f s e t   f r o m   l i n e  

cen te r  and E 2 ( t )  i s  a time  dependent  change i n   t h e  

laser  f requency  and i f  

then   t he   f rac t i ona l   f requency   t o   amp l i t ude   no i se  

term i s  given  by 
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Empirically,  we  can  expect in a 1 Hz bandwidth  that 

cl t 271 x 75 kHz 

E2(t) Z 2n x 100 kHz 

and huO I - x 560 MHz n 
Janl 

Thus,  the fractional intensity  fluctuations 
due  to FM to AM conversion  are less than 2 x lo-'/ 
@. For  diode  lasers  we have measured - 0.1 MHz/ 
f i  at 500 Hz which also gives  a  fractional inten- 
sity  of 5 2 x 10-7/fi. (For AuD = 75 MHz,  we 
obtain 1.2 x 10-5/m.) 

(3) Detector noise. Solid  state  photodiodes 
are  available  with  dark  currents  of I A/* 

and noise  equivalent  powers (NEP) of  approximately 
1 x W/mz. This value is negligible  for  the 
absorption  experiments but may dominate  the noise 
for  weak  fluorescence  signals. 

(4) Background  absorption noise. The 
atomic  absorption  process  introduces  another noise 
contribution  associated with the  number of atoms 
which have made an optical transition.  If  we let 
PA represent  the  power  absorbed by the  background 
atoms  out  of  the  incident  laser  beam,  then  this 
noise  contribution is proportional  to JPA/hu / f i z ,  
where hu  is the optical quantum of energy. For 
densities  which  give  one optical absorption  depth, 
PA P 0.6 Pincident, and  this  contribution is of 
the  same  order  as  the  laser  shot  noise  contri- 
bution. 

(5) Signal noise. The signal noise  term, 
which is proportional  to  the  square root o f  the 
number of atoms  which  have  made  the  microwave 
clock  transition, is the  fundamentally  limiting 
noise  term. In practice,  one is usually limited 
i n  signal-to-noise  ratio by one of the  previously 
listed  noise  sources, and not by the signal shot 
noise  term. 

In  absorption and fluorescence  experiments, 
all of  the noise terms  are  present and they must 
be individually  examined  for each experimental 
situation. In the  collimated and well-gettered Rb 
beam  tube of  our second  design,  the  background 
noise is virtually el  imi nated. Furthermore, 
fluorescence  detection in this  scheme has an 
additional  advantage: if the  laser  intensity- 

interaction  time  product is sufficient  to opti- 
cally  pump all atoms  then, in principle, it  is 
possible  to  eliminate  the  noise  due  to  laser 
intensity  fluctuations  for  times  longer  than  the 
average  transit  time  through  the  laser beam. 

Experiment. Preliminary  to  the  application of 
microwaves,  we  have  observed  the  transport  of 
optically  pumped  atoms  between  the  interaction 
regions in an  absorption experiment. An  intensity 
stabilized,  single-mode,  tunable  jet  stream  dye 
laser (5 MHz  spectral  linewidth,  intensity noise 
lo-?/* beyond 500 Hz, power  attenuated to 50 

microwatts)  was used for  pumping and downstream 
detection. By chopping  the  pump beam either 
mechanically  or  with  an  electro-optic crystal and 
synchronously  detecting  the  downstream  absorption, 
we observed a maximum  signal-to-noise (S/N) ratio 
of I 300:l (t = 1 S ) .  This signal is the  change 
in  the  detected  intensity  synchronous  with  the 
chopped  pump beam. It i s  due to  the  change in 
absorption of the  atomic beam when  the sublevel 
populations in one of  the  lower F levels are 
redistributed. 

To  compare  with  our  description,  we  expect 
that  without  microwaves 

The  largest  noise  contribution  arose from laser 
intensity  fluctuations  at  the 5 x level. 
With  this level of  noise,  we  expect  a S/N of about 
5800: 1 in 1 S, roughly  a  factor o f  20 better  than 
the 300:l which  we have observed.  Stray 1 ight 
from  window  scattering  precluded  the  possibility 
of  fluorescence  detection.  We  note  that  a fre- 
quency  stability  of 1 x i n  1 S .  requires  a 
S/N ratio of about 600 at 1 S on the  microwave 
resonance. 

Standards  Potential. Additional work is required 
to  evaluate  experimentally  the  maximum S/N of this 
device.  We now have a  diode  laser  with spectral 
width o f  150 MHz  which  should  increase signal 
because  the  factor AuOa/Aui will be approximately 
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u n i t y .   A l s o ,   f l u o r e s c e n c e   d e t e c t i o n   ( e a s i l y  

poss ib le   w i th   m ic rowave  modu la t ion  as  opposed t o  

l i g h t   m o d u l a t i o n )  will g i v e  a s m a l l e r   s i g n a l ,   b u t  

should  a lso  decrease  the  noise,   and we expect  an 

improved   s igna l - to -no ise   ra t i o .  

One sys temat i c   e r ro r   o f   t h i s   dev i ce ,   wh ich  

will e v e n t u a l l y  need t o  b e   i n v e s t i g a t e d ,   i s   t h e  

l i g h t   s h i f t  p roduced   by   f l uo rescen t   l i gh t   o r i g i -  

n a t i n g   i n   t h e  pumping  and  detection  regions. We 

n o t e   t h a t  because o f   t h e  symmetry o f   t h e  beam 

/ c e l l ,   l i g h t   f r o m  one r e g i o n  will b e   b l u e   s h i f t e d  

w h i l e   l i g h t   f r o m   t h e   o t h e r   r e g i o n  will be r e d  

s h i f t e d ,  so t h a t   t h e  atom will b e   s u b j e c t   t o  a 

symmetr ic   f requency  d is t r ibut ion.   Fur thermore,  

s i n c e   t h e   c e l l   i s   o p t i c a l l y   t h i c k ,   t h e   i n t e n s i t y  

s c a t t e r e d   i n t o   t h e  microwave  region will be some- 

what   reduced  by  mul t ip le   scat ter ings ( th is  will 

a l s o   c o n t r i b u t e   t o  depumping  atoms i n   t h e  beam). 

Rb  Beam Tube 

Genera l   Descr ip t ion.   F ig .  4 i l l u s t r a t e s  a g lass  

beam tube. Rb ( n a t u r a l   i s o t o p i c  abundance) i s  

l o c a l i z e d   i n  one  end by temperature  gradients .  

However, a g l a s s   c a p i l l a r y  and g r a p h i t e   i n s e r t s  

p r o v i d e  a c o l l i m a t i o n   r a t i o   o f   a b o u t  1O:l i n  order  

t o  form a d i rec ted   a tomic  beam o f  Rb.  The present  

tube i s   a c t i v e l y  pumped by a sma l l   i on  appendage 

pump, though it i s   a n t i c i p a t e d   t h a t   t h e   t u b e  will 

operate i n  a s e a l e d   - o f f  mode due t o   t h e   e x c e l l e n t  

g e t t e r i n g   p r o p e r t i e s   o f   t h e   g r a p h i t e .  The  absence 

o f  any apprec iab le  densi ty   o f   background Rb atoms 

makes t h i s   d e v i c e  much more l i k e  a s i m p l i f i e d ,  

convent ional   atomic beam t h a n   t h e   p r e v i o u s l y   d i s -  

cussed b e a d c e l l .  

It i s  expec ted   tha t  one  gram o f   n a t u r a l  Rb i n  

the  source will l a s t  more than  a yea r  when oper- 

a t e d   a t  90 OC, p r o v i d i n g  an atomic beam f l u x   o f  

3 x 10” 87Rb  atoms/s i n t o  a 3 mmz area a t   t h e  

detector .   Again,   the  conf igurat ion  can  be made 

symmetric by using  two  sources  to  provide  opposing 

beams. 

Signal .  To est imate  the  microwave  s ignal ,  we must 

know what   popu la t ion   d i f fe rence  can be obta ined 

be tween   the   c lock   t rans i t i on   sub leve ls   by   l ase r  

pumping. The s o l u t i o n   o f   t h e   o p t i c a l  pumping 

equa t ions   f o r  a s i n g l e   l a s e r   i s   o u t l i n e d   i n   t h e  

Appendix ,   w i th   resul ts   presented i n   f i g s .  ( 5 ) ,  

(6), and (7) .  The c a l c u l a t i o n  assumes t h a t   b o t h  

t h e   l a s e r   w i d t h  and  res idua l   Dopp ler   w id th   o f   the  

atomic beam a re   l ess   t han   t he   exc i ted   s ta te   hyper -  

f i n e   s p l i t t i n g s ,  so tha t   absorp t ion   takes   p lace  on 

a s i n g l e  F t r a n s i t i o n .  It i s   c l e a r   t h a t   t h e  

F = 2 + F ’  = 2 l i n e  pumped b y   a - p o l a r i z e d   l i g h t  

max imizes   the   popu la t ion   d i f fe rence,  ljoo, between 

t h e  F = 1, m = 0 and F = 2 ,  mF = 0 l e v e l s .  (The 

same l i n e  pumped w i t h  n l i g h t   r e s u l t s   i n  Soo = 0) .  

I f  t h e  optimum ljo0 o f   0 . 4   i s   a t t a i n e d ,  we expect 

the  microwaves t o  induce a 20% change i n   t h e   t o t a l  

beam f luorescence i n  the   de tec t i on   reg ion .  

F 

We will use t h i s   f i g u r e   t o   e s t i m a t e   t h e  S/N 

though  the  actua l  change in   de tec ted   f l uo rescence  

may be  less when t h e   a n g u l a r   d i s t r i b u t i o n   o f   t h e  

l i g h t   e m i t t e d   d u r i n g   t h e   d e t e c t i o n   c y c l e  i s  taken 

i n t o  account. 

For a beam c u r r e n t   o f  3 x 1O1O 87Rb  atoms/s, 

a c o l l e c t i o n   s o l i d   a n g l e   f a c t o r   o f  l%, and  de- 

t e c t o r   e f f i c i e n c y   o f  70%, we expect 5 x lo8 de- 

tec ted   photons   per  s ,  (- 3 photons/atom),  and a 

synchronously   detected  s ignal   o f   about  1 x 10’ 
photons/s  (1.6 x A) f luorescence. 

With  100 pW pump power (E 4 x 1014 p h o t o n d s ) ,  

we would  expect a f r a c t i o n a l   a b s o r p t i o n   s i g n a l  of 

about 3 x about 3 t imes   l a rge r   t han   t he  

microwave  absorpt ion  s ignal   expected  f rom  the 

b e a d c e l l   u s i n g   t h e  5 MHz wide  laser ,  and somewhat 

smal ler   than  might   be  expected  f rom  the  beadcel l  

abso rp t i on  i f  a b roader   l i new id th   l ase r   were  used. 

Noise: The noise  sources  are  the same as those 

previously  d iscussed.  With  f luorescence, we have 

found   exper imen ta l l y   t ha t   t he   ma jo r   no i se   con t r i -  

b u t i o n   i s  due t o   t h e   d e t e c t o r   d a r k   c u r r e n t   a t   t h e  

l e v e l   o f  1 x W/flz, i m p l y i n g  a t h e o r e t i c a l  

S/N o f   b e t t e r   t h a n  1 O O O : l  i n  1 sec f o r  a 1% s o l i d  

ang le   ( f rac t i ona l   sho t   no i se  limit i s   1 0 4 : l ) .   I n  

absorp t ion ,   the   sho t   no ise  limit t o  S/N r a t i o  i s  

about   600: l   fo r   100 pW o f   l a s e r  power. 

- 

Experiment:  Fig. 8 shows the   l ase r   i nduced   f l uo r -  

escence  observed i n   t h e   d e t e c t i o n   r e g i o n  as l a s e r  

i n j e c t i o n   c u r r e n t   i s   s l o w l y  swept. The 85Rb l i n e s  
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are   s t ronges t  due t o   t h e  3 : l  n a t u r a l  abundance 

r a t i o   o f  85Rb:87Rb. The l a r g e s t  components o f  

each  array  occur on c y c l i n g   t r a n s i t i o n s  such  as 

F = 2 -f F '  = 3 i n  87Rb. F ig .  9 shows a d e r i v a t i v e  

f luorescence  de tec t ion   s igna l   w i th   improved  reso-  

l u t i o n   o f   t h e  87Rb, F = 2 tf F '  = 1, 2,  3 spectrum. 

The a r row  i nd i ca tes   t he   d i sc r im ina to r   po in t   used  

t o   l o c k   t h e   l a s e r   t o   t h e  F = 2 + F '  = 2 t r a n s i t i o n .  

With  the  laser  locked,  microwave power was 

a p p l i e d   i n   t h e   i n t e r m e d i a t e   r e g i o n   u s i n g  a TEOll 

c a v i t y .  The g lass beam tube f i t s   a x i a l l y   a l o n g  

t h e   c e n t e r   o f   t h e   c a v i t y   i n   o r d e r   t o   a v o i d   f i e l d  

reve rsa l s  and t o   m a i n t a i n   i n h e r e n t  symmetry o f   t h e  

TEOll mode. F igs.  10 and 11 show the  microwave 

resonances we have  observed  by  phase s e n s i t i v e  

d e t e c t i o n   w i t h  the microwave  frequency  modulated 

+_2 kHz a t  a 400 Hz r a t e .  

T h e o r e t i c a l l y   t h e   c l o c k   t r a n s i t i o n   s i g n a l   i s  

s t r o n g e s t   f o r  F = 2 + F' = 2 CT pump l i g h t ,   b u t  

g ives no s i g n a l   f o r  n pump l i g h t .  The f a c t   t h a t  

we see t h e   c l o c k   t r a n s i t i o n   f o r   b o t h   p o l a r i z a t i o n s  

i n d i c a t e s   p o o r   d e f i n i t i o n   o f   t h e   m a g n e t i c   f i e l d  

w i t h i n   t h e   c a v i t y .  We a t t r i b u t e   t h i s   p r o b l e m   t o  

i n a d e q u a t e   m a g n e t i c   s h i e l d i n g   o f   t h e   e a r t h ' s   f i e l d  

i n   a l l  o f  t h e   i n t e r a c t i o n   r e g i o n s .  A t  present ,  

the  observed S/N i s  f a r  below  what we have e s t i -  

mated  should  be  possible. 

Nevertheless,   f rom  the  data i n   f i g .  11, we 

conclude  that   the  observed  resonance i s  a l ready  

adequate f o r   o b t a i n i n g  a f r e q u e n c y   s t a b i l i t y   o f  

about 3 x i n  1 second. 

S t a n d a r d s   P o t e n t i a l .   I n   a d d i t i o n  t o  improving  the 

f i e l d   d e f i n i t i o n ,  we f e e l   t h e r e   a r e  a number o f  

changes  which  would  produce a Rb beam w i t h   f r a c -  

t i o n a l   s t a b i l i t y   a t  1 second o f   l e s s   t h a n  

1 x The l a r g e s t  improvement  would come by 

i m p r o v i n g   t h e   c o l l e c t i o n   e f f i c i e n c y   o f   t h e   d e t e c t e d  

l i g h t   f r o m   t h e   p r e s e n t  l% t o   b e t t e r   t h a n  20% and by 

r e p l a c i n g   t h e   R a b i   c a v i t y   w i t h  a Ramsey c a v i t y .  

Another  improvement  would  be  obtained by us ing  a 

more i n t e n s e   l a s e r   t o   i n c r e a s e   t h e   p o p u l a t i o n   d i f -  

ference 6oo. A t  present ,  aANt = 26, wh i le   f rom 

f i g .  6 a va lue o f  a t   l e a s t  100 i s   d e s i r a b l e .  

It i s   c l e a r   t h a t   t h e   s i m p l i f i e d  beam device 

shou ld   ope ra te   a t   l eas t  as w e l l   w i t h  CS as w i t h  

Rb. The b e n e f i t   o f  a s i n g l e  CS i sotope,  a more 

w ide ly   spaced  exc i ted   s ta te   hyper f ine   s t ruc tu re ,  

and a somewhat higher  atomic Q will enhance t h e  

s igna l  and make it eas ier   to   imp lement   d iode  laser  

au to - lock ing  schemes. We expect t o  have l a s e r  

d iodes   ope ra t i ng   a t   t he  CS wave length   w i th in  a few 

months. 

A t  p resent ,   the  beam tube  appears  to  be a 

much more p romis ing   dev i ce   t han   t he   beadce l l ,  

t hough   bo th   war ran t   f u r the r   i nves t i ga t i on .  

Bo th   dev i ces   c lea r l y   e l im ina te  many o f   t h e  

accu racy   and   l ong - te rm  s tab i l i t y   l im i ta t i ons   o f  

present  portable  atomic  f requency  standards  which 

have f r a c t i o n a l   s t a b i l i t i e s  o f  10 -lo - bu t ,  

a t   t h i s   t i m e ,   t h e  improvement  has come a t   t h e  

expense of   reduced S/N r a t i o .  We expect  to  improve 

t h e  S/N r a t i o ,  and n o t e   t h a t   t h e   s i m p l i f i e d   o p t i -  

c a l l y  pumped Rb (CS) beam t u b e   o f f e r s   t h e   p o t e n t i a l  

o f   a t   l e a s t  an order  o f  magnitude  improvement i n  

l o n g - t e r m   s t a b i l i t y  and  accuracy  as  compared t o  

t h e   p r e s e n t l y   a v a i l a b l e  Rb por tab le  s tandards.  

Appendix 

The a tomic   abso rp t i on   p robab i l i t y   pe r  second, 

Pf i ,  t o   t h e   l e v e l   I f >  = (n ' IJ 'F ;MF,>   f rom  the  

l e v e l  (i> = 1 nIJFMF> may be w r i t t e n  as (MKS un i t s ) :  

where 

- E = i n t e n s i t y   p e r   u n i t   a n g u l a r  band- 

w i d t h   o f   t h e  pumping l i g h t  w i  i h  

p o l a r i z a t i o n  un i t  vec to r  8 .  

Expanding  the  matr ix   e lement   and  e l iminat ing  the 

reduced  matr ix   e lement   by  cons ider ing  the  analo-  

gous expression  for  spontaneous  emission, we 

o b t a i n  

'fi - u~ Rfi 
- N 

where aA = 3A2 ( A  = o p t i c a l   t r a n s i t i o n  wave- 

1 ength) 
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= number o f   p h o t o n s h 2  - S 

w i t h i n   t h e   a t o m i c   a b s o r p t i o n  ' 
l i n e w i d t h  

and f o r   l i g h t   t h a t   c o n n e c t s   t h e   l e v e l s  F and  F' 

which i s   l i n e a r l y   p o l a r i z e d   p a r a l l e l  (n) o r  perpen- 

d i c u l a r  (a) t o  an e x t e r n a l   f i e l d  we have 

Rfi(n) = (2J8+1)(2F+1)(2F'+1) 
4 

Rfi(u) = (2J1+1)(2F+1)(2F'+1) 
8 

7 

( F '  -M; -1 1 MF F )'l {:' :I i }2  

where ( ) and 1 ] a re  3- j and 6- j symbols ,4 r e -  

s p e c t i v e l y .   W i t h   t h e  same assumptions  as i n  Ref. 

5, t h e   o p t i c a l  pumping ra te   equat ions   a re   then 

dni 

d t  
- - - -uAN f Rf i  ni( t)  + uA N I: Bif R f i l  n i , ( t )  

f i  ' 

where 

n i ( t ) ,   n i l ( t )   are  lower   leve l   popula-  

t i o n s  

Bif i s   t h e  spontaneous  emission  branching 

r a t i o   f r o m   I f >   t o   l i >   n o r m a l i z e d   t o   u n i t y  (ZBif=l; 

t h e s e   a r e   l i s t e d   i n   R e f .  5). i 

T h i s   s e t   o f   e q u a t i o n s  i s  eas i l y   so l ved   by  

i t e r a t i o n  on a computer.  For  convenience,  the 

i t e r a t i o n  has  been  done i n  inc rements   o f  aANt, 

which  appears  as  the  abscissa i n  f i g s .  5 ,  6, and 

7 .  A t  t = O ,  we assume t h e  atom t o  be   equa l ly  

d i s t r i b u t e d  among the   l ower   l eve l s  (ni = 0.125 f o r  

"Rb). 

We can r e l a t e  uAN t o   t h e   i n i t i a l   s c a t t e r i n g  

r a t e   p e r  atom  as f o l l o w s .   L e t  P be t h e   r a t e   o f  

absorpton  (photons/s o r  t r a n s i t i o n s / s )   f o r  an  atom 

known t o  be i n   t h e   l e v e l  F with e q u a l   d i s t r i b u t i o n  

among the  MF sublevels .  Then P i s  obtained  f rom 

Pfi by summing over   exc i ted   sub leve ls  and averaging 

over i n i t i a l   s u b l e v e l s :  

Using a sum r u l e  on 3 - j  symbols4, we f i n d  

P = uANKF; 

where 

We see that uAN i s   r e l a t e d  t o  P by   t he   f ac to r  K F F , .  

KFFl i s   g i v e n   i n   T a b l e  1 f o r  *'Rb D2 l i g h t .  F o r  a 

s a t u r a t i n g   l a s e r  beam ( a b s o r p t i o n   r a t e  = spon- 

taneous  emission  rate),  we have P = 1 / ~  o r  NSAT = 
l/raAKFFl. Since KFF1 can  vary  by as much as a 

f a c t o r   o f  10, we see t h a t   t h e   s a t u r a t i o n   i n t e n s i t y  

i s   s t r o n g l y  dependent  on  the F+F' rou te .  

I 

1. 

2. 

3. 

4.  

5. 

6. 
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Figure 1. General  comparison o f  physics  packages  for  present Rb standards  and 
the  schemes  being  investigated here. 
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Figure 2. (a) Pyrex  87Rb  beam/cell.  The  sections  intercepted by the  laser 
beam  incorporate  pyrex  spectrophotometer  cells  to  obtain  flat,  high  optical 
quality  sides.  Detection  is by transmission  monitoring. (b)  Schematic 
illustration o f  the  optical  interaction  region. 
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i 7002 8 67Rb 

F igu re  3. 

sca le) .  

F igu re  
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l 
6 834 GHz - - -  

Energy l e v e l s   r e l e v a n t   t o  D2 o p t i c a l  pumping i n  87Rb ( n o t  drawn t o  

Rb ( ~ ~ 1 1  Capillary Graphite  Pyrex 
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Grophlte 
/Insert 

Ion 

Section 
Heoted '4 Barium Gettet 

(Unfiredl 

Laser 
(Pump1 

Laser 
(Detector I 

4. Pyrex  atomic beam tube  w i th   g raph i te   inser ts .   Spec t rophotometer  

c e l l s   a r e  used  as i n   t h e   b e a d c e l l .  However, d e t e c t i o n  i s  by  f luorescence 

m o n i t o r i n g   a t   r i g h t   a n g l e s   t o   t h e   l a s e r  beam. A TEoll m ic rowave  cav i ty   w i th  

c y l i n d r i c a l   a x i s   a l o n g   t h e  beam f i t s  be tween  the   two  op t ica l   in te rac t ion  

r e g i  ons. 
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F igu re  5. The nonzero   popu la t ion   d i f fe rences  tjo0 = n(F = 2, M F  = 0) -n(F = 1, 
MF = 0) a r e   p l o t t e d  v s .  u N t   f o r  87Rb D2 (780 mm) l i g h t   o f  n p o l a r i z a t i o n .   F o r  

a 100 pW l a s e r  beam o f  3mm d i a ,  150 MHz s p e c t r a l   w i d t h   a t  780 nm, uAN = 3.87 x 

106 (see  Appendix f o r   d e t a i l s ) .   T r a n s i t   t i m e   t h r o u g h   t h e  beam then  corresponds 

t o  uANt 26. 
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F igu re  6. Same as F igu re  5 ,  b u t   f o r  U p o l a r i z a t i o n .  
F M F  

-c - 8 .  -1 I 1  IO 

F igu re  7. Ground s ta te   sub leve l   popu la t ions  v s .  uANt f o r  87Rb D2 (780 nm). 

The pumping i s  done on the  5 S+ F = 2 + 5 2P,,2 F '  = 2 t r a n s i t i o n   w i t h  U 

p o l a r i z e d   l i g h t   ( s e e  Appendix f o r   d e t a i l s ) .   T h i s   t r a n s i t i o n   r e s u l t s  i n  t h e  

l a rges t   poss ib le   popu la t i on   d i f f e rence   be tween   the  MF = 0 c lock   sub leve ls  f o r  

pumping wi th  a s i n g l e   l i n e a r l y   p o l a r i z e d   l a s e r .  

87Rb 85Rb 85Rb 
F.2 F.3 
F'=1,2,3 F'=2,3,4 F'=1,2,3 

87R b 

v- 
F igu re  8. Diode  laser  induced  j luorescence vs. laser  wavelength  observed 

downstream i n   t h e  Rb  beam tube (pump  beam blocked) .   S lop ing  basel ine i s  due 

t o   t h e  change i n   i n t e n s i t y  o f  t h e   s t r a y   l a s e r   l i g h t  as t h e   i n j e c t i o n   c u r r e n t  

i s  swept.  Diode  Laser:  type TJS, 90 pW power, 150 MHz spec t ra l   w id th ,  3 mm 

beam diameter.  Source  temperature = 100 O C .  
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_ _  - Upstream h r n p  Present 
Upstream P m p  Absen' - 

'J 

F 'z l  F'z2 F'= 3 

F igu re  9. Diode  induced  f luorescence vs. laser  wavelength  observed downstream 

f o r   t h e  87Rb 5 2S,  F = 2 + 5 F '  = 1, 2, 3 t r a n s i t i o n s .  Phase s e n s i t i v e  

d e t e c t i o n   w i t h   l a s e r  f m  modulated  over I40 MHz a t  200 Hz ra te ,   t ime   cons tan t  

= 400 ms. To obtain  the  microwave  data i n  f i g s .  10 and 11, t h e   l a s e r  was 

l o c k e d   t o   t h e  F '  = 2 f luorescence  peak  (arrow)  observed i n   t h e  pumping reg ion.  

-2 

25 kHz 
kl 

F igu re  10. Microwave  resonances i n   t h e   f l u o r e s c e n t   l i g h t   f o r   s e v e r a l   v a l u e s  

o f  a n   a p p l i e d   l o n g i t u d i n a l   m a g n e t i c   f i e l d   ( f i e l d   i n c r e a s e s   f r o m  t o p  t o  bottom). 

H o r i z o n t a l   a x i s   i s  a 400 KHz sweep o f   t h e  microwave  frequency  about  the 

center   va lue  6.834627GHz w h i l e   t h e   d i o d e   l a s e r   i s   l o c k e d   t o   t h e  5 2S4 F = 2 + 

5 *P,/, F '  = 2 t r a n s i t i o n .  Pumping i s  done w i t h  n p o l a r i z e d   l i g h t .  
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25 kHz 
k -4  

Figure 11. Same as f i g .  10, b u t   w i t h  U p o l a r i z e d   l i g h t .  

F'- 
0 1 2 3 

1 -028 .069  .069 0.0 

Table 1. Values o f  KFF, for *"Rb 02 l i g h t  (see  Appendix). The same values 

apply   for  n and U p o l a r i z a t i o n .  
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